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In one version of an inertial confinement fusion (ICF) power reactor, the driver-ijiploded pellet is surrounded by thick annuli or close-packed 2 jets of liquid lithium. The lithium has three functions: to breed tritium for pellet resupply, to act as an energy sink and heat exchange medium in the primary power loop, and to protect the first wall of the reactor from excessive neutronic and hydrcdynamic loading.
ffost of the energy release from the microexplosion is in the form of high energy x-rays and 14 MeV neutrons (for which the mean free path in liquid lithium ranges up to 0.3 m ). The liquid thickness must therefore be 2-3 times this length bo provide adequate moderation and to sufficiently reduce 4 the fluence on the first wall . Since the neutrons are distributed over a large mass of lithium, the specific energy is relatively low, generally 1-3 orders of magnitude below the cohesive energy {which for lithium is 23.03
MJAg). The liquid is thus isichor ically heated, but well below the 1 5 vaporization point; the subsequent motion has been described elsewhere ' .
The remaining fusion energy, normally from twenty-five to thirty-five percent of the total, is in the form of x-rays and pellet debris and is unable to penetrate beyond a very thin layer in the innermost exposed jets or at the inner radius of the annular fall. As a result, the specific energy of the lithium in this layer increases by several orders of magnitude and the instantaneous pressure may exceed 100 GPa. A strong shock then moves out of the short-range deposition region, but is quickly caught and attenuated by a rarefaction centered at the free inner surface. The blowoff velocity at the tail of the rarefsction was estimated to be ^ 40 km/s , but this figure is certainly too low for the high-energy-density systems currently under consideration. Moreover, the velocity will continue to increase as the implosion develops, a consequence of the energy-focusing effect of the convergent geometry. At implosion time, the kinetic energy thus acquired will be reconverted to internal energy, a substantial, if not the major, fraction of which will be in the form of radiation. The subsequent energy flew will be controlled both by radiation transport and hydrodynamic motion. We have previously described the case where the mean free path for radiation was large compared with the dimension of the reaction chamber so that the hot cavity gas was considered to be optically thin and the emission approximation valid. If the energy and mass density in the cavity are sufficiently high, this approach no longer works. Our main purpose here is to contrast the optically thin results with those obtained for the optically thick case where the diffusion approximation was employed. The limitations and uncertainties associated with both methods are discussed. The complete set of finite difference equations used is given in an appendix along with explanatory notes.
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THE DBSIGM BBSIS; HYLIFB
Our previous calculations of the lithium implosion and blowback were based on a 700 MJ pulse deposited in a lithium annulus whose inner and outer radii ware respectively 2.0 and 2.6 tn. The thickness of lithium for which e >_ e * was % 10 mm {this is a measure c£ the blowoff mass) so that the gas density in the central cavity at implosion time was of the order of 10 Mg/m . Figure 1 shows the Rosseland mean opacity for lithium as a function of temperature and density; the data derive from calculations performed at fi - 6 3 IASL by W. Huebner . For p = 10 Mg/m , the maximum value for tc is % 10 m Ag at a tenperature slightly below 1 eV. For higher and lower temperature, the opacity decreases sharply; at 10 eV, K_ ^ 1 m /kg and at 0.125 eV (the lcwest temperature for which we have tabulated data), fC % 10 m /kg. Thus the radiation mean free path is bounded by: -1 9 1 m < >_ = (K_P) < U) m, M that the emission approximation appears fully justified (calculations based on the Planck mean opacity-cf. More recent reactor designs call for greater energy per pulse and a more compact fall configuration. The High Yield Lithium Injection Fusion Energy 2 converter (HYLiFE) system employs a 2700 MJ thermonuclear pulse in a close-packed annular jet array (300 jets, each 200 mm in diameter) that surrounds the pellet on an inner radius of ^ 0.5 m. In this case, the thickness of the penetration layer (e >_ e ) is about 300 times higher and the cavity radius 4 times less than before, so that the gas density at implosion is ^ 1200 times higher. The minimum value of A., is then *Refer to Appendix B for the nomenclature.
-5-"^10 " m, considerably less than the cavity radius so that, at least at tenperatures near 1 eV, the gas cannot reasonably be considered optically thin. This has a very strong influence on the energy transport and the gas motion in the cavity.
3,0 CAOCUIATIONS WI1H THE EMISSION APPROXIMATION
This method was described earlier in connection with our calculations for the smaller (700 MJ) ICF reactor . The relevant finite difference equations are given in Appendix A, beginning with eq. (62). In brief, each gas zone ( e ! e c ) in the cavity is considered to be a ring source that radiates to the relatively cool (e < e ) residual fall. Radiant energy released by the implosion is absorbed initially by the first interior zone in the fall that is opaque. This zone then heats and expands until it becomes transparent (cf. Note V of Appendix A), at which point no further radiant absorption is allowed and the next adjacent two-phase (liquid-vapor) or liquid zone acts as the radiation sink. This process is coupled with the energy flow by hydrodynamic motion and continues until the radiation flow no longer influences the motion. By t = 5 MS, the peak temperature has dropped to ^ 40 eV. Figure 4 , which plots the energy radiated from source to sink as a function of time,
shows that 30% of the initial gas energy has been emitted (E Q is the total energy initially contained in fluid for which the specific internal energy exceeded the cohesive energy).
Most of the radiant emission takes place in the first 50 us as gas continues to move towards the axis and compress the core. The work done thereby sustains the radiation transport which, as seen in Figure 4 , is essentially completed in this interval. The energy absorbed by the two-phase liquid-vapor region (60% of E n at 50 us) has caused this material to heat, expand and accelerate in towards the axis. In Figure 3 , this region is represented by the relatively wide zones that appear near the EER beginning at c = 10 us. The significance of this is that the inward-moving two-phase fluid has a mass that exceeds that of the outward-moving, low density gas by several orders of magnitude. By 60 ys, the boundary between the two regions is approximately half way between the axis and the ECR. In reality, this boundary is unstable and the resulting mixing and molecular transport would be expected to cool and condense the hot gas. This, in turn, would eliminate the requirement for mechanical exhausts-a vexing feature of drywall ICF systems (the ambient pressure between pulses must be as low as 0.1 Pa for some of the driver systems under consideration).
The spacial distribution of pressure, temperature, and particle velocity at t = 60 ps are shown in Figures 5-7 . Discussion of these results is deferred until after the equivalent results obtained using the diffusion approximation are prtsented. The time basis of 60 us was chosen for the comparison because the diffusion results at this time served as initial conditions for the crossflow of gas through the annular array of jets that 2 constitutes the lithium fall in the HifLlFE design.
CAICUIATIONS WITH THE DIFFUSION APPROXIMATION
In our earlier calculations with the diffusion approximation, we used an explicit method devised by Trulio . This method allows somewhat larger tlmesteps than would otherwise be computed when the mean free path for radiation, JL, is of the order of or greater than the zone size (in the limit X_ + », e.g., photon propagation in a near-vacuum, diffusion theory leads to the physically absurd result that for a field of finite energy density, the radiant energy flux is unbounded. Actually, no matter what the value of Xp, the magnitude of the photon energy flux cannot exceed cne even if all the photons moved in one direction. In Trulio's method, the timestep 2 is proportional to the zone size. Ax, rather than to (Ax) , and is independent of A when X R •* »). Still, calculations were far too costly and it was necessary to implement implicit differencing. Our method is based Figure 4 which shows that, in the emission case, 60% of the energy initially contained in the cavity has been radiated to the cool zones by t = 60 \E; effectively, none of the cavity energy has escaped in the diffusion case. Comparison of the temperature profiles tells the same story.
This is consistent with
With diffusion-limited-radiation flow. Figure 10 shows the peak temperature in the core at 60 ps to be in excess of 15 eV, gradually dropping off to the 0,1 eV level at a radius of 1,0.32 m; a 100 mm wide opague layer (the dark, densely packed region in Figure 8 ) insulates the cavity from the rest of the fall. By contrast, Figure 6 shows the peak temperature at 60 ys with emission-limited-radiaticn flow to be o, 2 eV.
Finally, comparison of the particle velocity traces in Figures 7 and 11 shows in more detail the picture sketched in Figures 3 and 8 . With diffusion -10-at 60 us, the leading edge o£ the core gas has blown back almost to the BCR and the peak outward radial velocity exceeds 5 ma/vs.
With emission, the cooler Eluid is rushing inward at speeds up to 4 iran/us and the outward core gas notion is on the verge of being arrested.
CONCLUDING RH>RRKS
It is clear that radiation transport strongly affects the cavity motion in the period immediately following the lithium implosion. If the emission approximation was valid, the designer's task would be considerably easier.
The core gas would be drowned by cooler elements from the main fall, its momentum countered and its subsequent influence very much reduced. Mixing and molecular transport would likely cool and condense the gas within the Eulerian cavity radius. Unfortunately, this is probably an overly optimistic picture for the HYLIFE system. For this design, radiation diffusion seems to be a better-although still not totally accurate-approximation for the transport.
And with diffusion, the hot core gas will blow back against, and interact with, the main fall. This will increase the outward-directed momentum of the fall and thus the impulse imparted to the walls of the reactor will be greater. The heat transfer problem will be more complicated, although not necessarily more worrisome from a practical standpoint.
The main problem with either approximation to the transport equation is the usual one that neither works over the entire region of interest.
Generally, emission is better near the axis where the temperature is high and the density low and diffusion is better elsewhere. (puiA) . = p. ui. A.
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Vfe take OJJ^ = (Q-.2) T » i.e., the artificial viscosity is not normally recomputed after transport. Experience has shown that the added calculations are rarely necessary.
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Radiation Transport by Diffusion n+1 _ yi+1 l._,n+35. , n+1. r , T n+l , T n. , T n+l . T n n ,-,,-, 6 j+% " e j+*s The boundary condition at the axis of syircretry, j=l, is: The emissivity coefficient, E, is defined as the ratio of the energy emitted by a gas volume enclosed by a surface of given dimension to the energy that would be emitted by a black surface of this same dimension and at the same temperatur°. For the cylindrical geometry considered here:
e-^Minla^Cl-f^1^, 2 ]/^, U
»S • >, && • •$?
(64) Xp = 1/pK, and K_ is the Planck mean opacity
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Conservation Laws
Equations (1) and (27) are respectively statements of exact conservation of momentum and mass. Taking the scalar product of (1) with and adding the result to the sum of (29), (33) 
A similar result is obtained when (62) replaces (35) in the above scheme. The total energy analog, is exactly conserved, i.e., the interior work and transport terms cancel so that the change in is determined entirely by boundary conditions. As with the equations for mass and momentum conservation, there is a one-to-one correspondence between the terms of (66) and the fundamental energy conservation equation, with no terms of any order left over.
All APPENDIX A-NOTES Note 1-Timestep Calculation
The hydrodynamic tiirestep is limited by
where 6t, derives from a Courant condition
and <5t_ is computed from the velocity divergence in each mesh interval:
For the calculations discussed here, B, = 1.02, B, = 0.25 and ct. = 4.0.
Note II-Aliasing Error and the Smoothing iterator Equation (4) frequently leads to a form of computational instability known as aliasing error. This instability is completely independent of the transport process and occurs even when the mesh is everywhere Lagrangian, i.e., when for all j. Aliasing is associated with the exchange of energy between Fourier components. Normally, the mesh is defined such that the snallest wavelength accurately resolved is several mash-element A12 lengths because, as is well known, the first few Fourier components are dis persive. (Hence, the characteristic rounding of steep wave fronts.) Some times, especially when the particle velocity is small compared to character istic wave speeds, the components interact in such a way that energy cascades from the long 'wavelengths to the short. If appropriate dissipative mechanisms are not present, the amplitude of the short wavelengths can grow witliout bound.
A physical analogy is the energy of turbulence that generally moves from large to small eddies, and then is eventually dissipated or degraded into internal energy via friction. The artificial viscosity does not sufficiently discriminate over wavelength to allow selective damping over one-to two-zone
waves.
An effective method of eliminating this difficulty is the introduction of a smoothing operator:
where Equation (H-D is employed in place of Eq. (4) In practice, the residual sum, I f^1 -' 5 <5 n \, is ncrnplly insignificant when compared with the total energy £ .FT? .
Note III-Grid ttotion
The blow-off frcm the inner fall surface to the cavity interior is controlled by the short-range energy deposition, accurate resolution of which required extremely fine zoning. The initial 7'ine thickness at the inner fall radius for all problems was of the order of 1 um, or less. The thickness of each successive radially increasing zone was typically t-2% wider than its predecessor and with "v. 500 zones employed, the outermost zone thickness was of the order of 10 mm. The inner and outer fall radii were always Lagrangian surfaces (S. Throughout the entire period when radiation transport in the lithium has important influence on the motion there exists an expanded liquid-vapor layer between the hot cor-' gas and the main body of the fall. To take account of this (largely transparent) layer in the emission model is relatively simple .
Once the density is defined (assumed) at which significant absorption occurs,
we proceed outward from the core and find the first liquid-vapor zone (e < e ) with greater density, implying A < A . All the radiant enerqy emitted by the hot gas zones (e 2. ej is assumed to be absorbed in this one zone, bounded on the outer edge by the surface j*. All zones in between the last hot gas zone, bounded on the inner edge by the surface j**, and the absorber zone neither omit nor absorb any radiant energy. Moreover, as the absorber zone heats and expands, A will eventually increase above A , at which point no further radiant absorption is allowed and the next outer adjacent two-phase or liquid zone acts as the radiation sink. This process continues until the radiation flow no longer influences the motion.
For the diffusion model, we calculate the boundary flux from a radiation potential-weighted mean opacity, considering the absorber zone at j*-h and the last hot gas zone at j**+% (by (56), j**+?s < j*-^). The potential gradient at the boundary is measured between the surfaces j* and j** and the radiant flux across all surfaces j**+2 £ j £ j*-l is set to the flux computed across j**+l so that no temperature change occurs in the zones bounded by j**+l on the inside and j*-l on the outside. For all practical purposes, however, the precautions taken to account for the optically thin layer between the hot gas and the 
